Germinating spores of Geotrichum candidum produce only a nicotinamide adenine dinucleotide phosphate-linked glutamate dehydrogenase. Synthesis of glutamate dehydrogenase was repressed by the presence of ammonia, whereas urea, glutamate, or glutamine were ineffective. The enzyme was not subject to catabolite repression and was localized in the cell sap fraction. The glutamate dehydrogenase has been purified 93-fold and showed maximal activity at pH 8.2 in the forward and reverse directions. When measuring the initial reaction rate at pH 7.2, a variety of tricarboxylic acid cycle intermediates displayed additive and unidirectional activation of the reductive amination reaction and inhibition of the oxidative de. amination reaction. The modulating effects were pH-dependent and diminished at alkaline pH values. Substrate inhibition exerted by a-ketoglutarate was strongest at neutral pH.
GDH being an anabolic and the NAD-GDH being a catabolic (24) . The latter hypothesis was supported by studies on induction or repression of GDH with different nitrogen and carbon sources (5, 10, 23, 24) . The NAD-GDH from fungi is subjected to an allosteric control by various metabolites (5, 16, 18, 27) . Information concerning allosteric properties of NADP-GDH of fungi and bacteria is very scanty (25, 30) .
Spores of Geotrichum candidum require exogenous nitrogen and carbon sources for germination (1, 26) . Although this fungus can utilize ammonia as a sole nitrogen source, germination rate is significantly enhanced in the presence of organic nitrogen compounds (26) . Since fungal cells are readily permeable to ammonia (21) , it was postulated that the assimilation of ammonia into organic nitrogen might be the limiting step which prevents the efficient utilization of ammonia by the spores. GDH is one of the key enzymes in ammonia assimilation (8) . The present report is concerned with some regulative and kinetic properties of GDH from germinated spores of G. candidum.
MATERIALS AND METHODS
Germination Procedures. Procedures for obtaining and germinating conidia of G. candidum were described (1) . Unless otherwise stated, spores were germinated in an autoclaved medium containing 0.3% yeast extract, 0.5% glucose, and 50 mm phosphate buffer, pH 7.5. After 3.5-hr incubation period, the germinated spores were harvested (26) and maintained frozen until used for preparation of cell-free extracts.
Extraction and Purification Procedures. Germinated spores were placed in 50 mm tris-HCl buffer, pH 8.5, which contained 1 mm 2-mercaptoethanol and 10% v/v glycerol. All the following procedures were performed at 2 to 4 C. Spores were disrupted with a precooled Aminco French pressure cell (26) , and cell debris were removed by centrifugation at 27,000g for 15 min. The supernatant fluid was dialyzed for 3 hr against the extraction buffer and designated as the "crude extract." The dialyzed crude extract was placed on a column (2.5 X 25 cm) of DEAE (Whatman microgranular DE-52) previously equilibrated with the above buffer. Enzyme elution was carried out by linear increase in KCl concentration from 0 to 0.5 M. Fractions of 10 ml were collected. The enzyme preparation obtained after the first column step was further purified by precipitation with solid ammonium sulfate between 55 and 75% saturation. The precipitate was taken with 10 ml of buffer, dialyzed for 3 hr, and readsorbed on DEAE-column as described above. The column was washed by stepwise addition of 50-ml portions of tris-HCl buffer, 50 mm, containing 1 mm 2-mercaptoethanol and 10% v/v glycerol at pH 8, 7.7, 7.4, and 7, respectively. The enzyme was eluted by gradient increase in KCI concentration from 0 to 0.5 M at pH 7. The GDH obtained from the second column was again precipitated with ammonium sulfate, dialyzed, and kept frozen in the original buffer until used. The preparation was found to be stable for several weeks when kept at -20 C.
Disc electrophoresis was performed according to Hedrick and Smith (9) using tris-glycine buffer, pH 8 2 hr before the specific activity of GDH was determined. Results in Figure 1 reveal that addition of 10 mm exogenous ammonia produced a 3.4-fold depression of GDH, while the enzyme level increased slightly in the presence of urea, glutamate, and glutamine, respectively. The same experiments were performed by germinating the spores in 0.3% yeast extract-0.5% glucose medium supplemented with various concentrations and types of nitrogen sources as indicated in Figure 1 . The repression exerted by ammonia was similar to that described in Figure 1 , whereas all other nitrogen compounds tested were ineffective. Attempts (Table I ). All further experiments were performed with the purified enzyme preparation. Results in Figure 2 indicate that the rate of NADPH oxidation by GDH was approximately three times higher than NADP reduction. Both types of reaction had a broad pH range for activity with an optimum at pH 8.2. Of all the substrates, only a-ketoglutarate showed a decrease in the reaction rate at high substrate concentrations. The substrate inhibition by a-ketoglutarate was pH-dependent and most effective at lower pH values (Fig. 3) . The highest level of a-ketoglutarate, at which inhibition did not occur, was less than 10 mm at pH 7.2 as compared to 50 mm at pH 9.
Effects of Metabolites on GDH Activity. Results summarized in Table II show that a variety of tricarboxylic acid cycle metabolites can either serve as activators of the initial reaction rate of the reductive amination (anabolic) activity or as inhibitors of the oxidative deamination (catabolic) reaction. The unidirectional modulating effects of these compounds depend upon the pH value. Both activation and inhibition of the anabolic and catabolic reactions, respectively, were most effective at pH 7.2 and were diminished or abolished at higher pH levels. Interestingly, the activation of the anabolic reaction at pH 7.2 was modified into a mild inhibition at pH 9 (Table  II) . Fumarate and succinate were the strongest activators of the reductive amination reaction, whereas oxaloacetate and the former two dicarboxylic acids were the strongest inhibitors of the oxidative deamination reaction. The inhibition by a-ketoglutarate (Table II) naturally involves a product inhibition and therefore cannot be compared with the other modulators.
The activation of the anabolic reaction proceeded linearly until about 20 mm fumarate. and after reaching approximately 50% increase in GDH activity, it followed by a decreased rate to 70% activation at 50 mm fumarate (Fig. 4 ). An initial linear inhibition up to 40% at 15 mm succinate could also be observed (Fig. 4 ). All the modulators described in Table II (Fig. 5) . The interaction coefficient of the sigmoidal curve (n), as determined from a linear plot of Hill equation, was approximately 4. At pH 7.2, the enzyme was inactive at a-ketoglutarate concentration lower than 1 mm, while substrate inhibition prevailed when a-ketoglutarate exceeded 7 mm. In the presence of fumarate, the GDH was activated at lower a-ketoglutarate levels, and a pronounced reduction in the cooperative interaction was observed (Fig. 5) a-ketoglutarate. In contrast, at high and constant concentration of a-ketoglutarate, double reciprocal plots of initial velocity against NADPH at different constant concentrations of ammonia gave essentially parallel lines (Fig. 9) . The implication is that the Km for NADPH is dependent on ammonia concentrations at high levels of a-ketoglutarate. In addition, NADP was found to be a competitive inhibitor of GDH when NADPH was used as the varied substrate. The above mentioned data suggest that the order of substrate addition in the reductive amination reaction is NADPH followed by a-ketoglutarate and subsequently ammonia (7, 14) .
DISCUSSION
In microorganisms the synthesis of NAD-GDH and NADP-GDH are reciprocally controlled by various nitrogenous compounds. For instance, L-glutamate has been described as a corepressor of NADP-GDH and an inducer of NAD-GDH in fungi and bacteria (18, 22, 13) , whereas in yeast (10) and Neurospora (24) ammonia represses the NAD-GDH and urea induces the NADP-GDH. These reports suggest that the NADlinked enzymes have a biodegradative role and are used for energy production in contrast to the biosynthetic function of the NADP-linked enzymes.
The present work indicates that germinating spores of G. candidum elaborate a NADP-GDH whose synthesis is markedly depressed by ammonia but not significantly affected by urea or glutamate (Fig. 1) . Similar results were reported during germination and growth of homokaryotic mycelium of Schizophyllum commune (5) . On the other hand maximal repression of NADP-GDH was demonstrated in cells of Aspergillus nidulans, N. crassa, and Escherichia coli grown on either high concentrations (90-100 mM) of ammonia or urea, as well as on low concentrations (5-10 mM) of glutamate (22) . The latter report suggests that the apparent effects of ammonia and urea are due to indirect effects on the concentration of glutamate.
In contrast to the above mentioned organisms, low concentrations (5-10 mM) of ammonia were sufficient to cause maximal different reaction order than the NAD-linked activity (7, 14, 28) . The order of substrate addition to NADP-linked GDH of G. candidum was determined by using similar methods to those described by Frieden (7), Le John et al. (14) , and product inhibition studies according to Cleland (3) . The lines obtained from double reciprocal plots of initial velocity against NADPH at different constant concentrations of a-ketoglutarate intersected each other at the abscissa (Fig. 8) . These Figure 8 .
repression of NADP-GDH in Geotrichum (Fig. 1) . Furthermore, ammonia was found to repress enzyme synthesis even when added to a rich complex nitrogenous medium such as yeast extract suggesting that ammonia is directly responsible for the repression of GDH synthesis.
The differential response of GDH synthesis to ammonia and urea is in accordance with the previous observation concerning the synthesis of carbamyl phosphate (2) . The lack of urease in G. candidum (26) , and consequently the limited capability of urea to serve as a precursor for free intracellular ammonia (2), might adequately explain the diverse effect of these two compounds.
At neutral pH levels the NADP-GDH isolated from G. candidum exhibits sigmoidal kinetics with respect to a-ketoglutarate and this is modified to a hyperbolic response at either alkaline pH levels or in the presence of tricarboxylic acid cycle intermediates (Fig. 5 ). Homotropic interactions with respect to a-ketoglutarate have also been observed with NADP-GDH of Neurospora (30) and Brevibacterium flavum (25) . The similarity between the enzymes of Geotrichum and Neurospora is noteworthy since in both cases the cooperative interaction is a function of neutral pH. In addition metabolites of the citric acid cycle can serve as activators. Nevertheless, significant differences in the regulative properties of these two enzymes do exist. The Neurospora NADP-GDH was in an inactive form at pH 7.2 regardless of the a-ketoglutarate concentration and was fully activated only after preincubation with the activators (30). In contrast to Neurospora, the GDH of Geotrichum was predominantly in an active form at pH 7.2 and preincubation was not required for the activation process. In addition, glutamate, EDTA, and NADPH were effectors in Neurospora (30) but not in Geotrichum, whereas substrate inhibition by a-ketoglutarate was only detected in Geotrichum.
The unidirectional activation of the reductive amination and inhibition of the oxidative deamination by carboxylic acids (Table II ) may indicate that the regulation of this enzyme is effectively linked with activity of the citric acid cycle. Under energy-rich conditions, when intermediates of the citric acid cycle accumulate, the enzyme would be activated in the biosynthetic direction, overcoming the substrate inhibition exerted by a-ketoglutarate. Retardation of the oxidative deamination of glutamate would simultaneously occur. Similar unidirectional and pH-dependent inhibition of only the oxidative deamination by citric acid cycle metabolites was demonstrated for the NAD-GDH of Blastocladiella emersonii (15) . The concentration of fumarate or succinate required to achieve 50% inhibition or activation of GDH activity (Fig. 4) is considerably high and, therefore, the physiological significance of these modulating compounds might be questioned. However, the NADPH-GDH of Geotrichum is localized in the cytoplasm and is apparently exposed to cell-sap metabolites. Organic acids are known to accumulate in fungal cells, especially during extensive oxidation of carbohydrates (4) . Considering the foregoing information with the additive effect of these modulators, the possibility that high ligands concentration in the native enzyme milieu can compensate for its lower affinity towards the carboxylic acids cannot be excluded.
Assuming that the concept of an allosteric protein as developed by Monod et al. (20) is applied to the present enzyme, conformational changes in enzyme structure as a function of pH level can be envisaged. Thus at neutral pH an enzyme form which shows cooperative interaction with a-ketoglutarate and is sensitized to allosteric effectors would predominate. At alkaline pH the prevailing enzyme form would be desensitized to modulators and substrate inhibition. The highly sigmoidal form of the rate concentration plot with a-ketoglutarate implies that at least two substrate binding sites are concerned. It is possible that the modulators counteract the effects of a-ketoglutarate by combining at the same allosteric sites.
It is notable that in contrast to the NADP-GDH of Geotrichum (Table II) or Neurospora (30), the allosteric response of the NAD-GDH from Blastocladiella to citric acid cycle intermediates was effective at alkaline rather than neutral pH (15) . The contention that neutral pH levels are more representative of the in vivo conditions (30) is irrelevant, since pH at the microenvironment milieu of the enzyme might be different than that measured in the cell sap (12) . Whether the above difference can be attributed to the localization of these enzymes, i.e. cytoplasmic versus mitochondrial, remains an open question.
Analysis of the data presented in Figures 8 and 9 according to Frieden (7) and the observation that NADP is a competitive product inhibitor of NADPH suggest that the binding order of substrates in the reductive amination reaction is NADPH, a-ketoglutarate, and ammonia (3, 14) . This sequential order is the same as detected in various microorganisms for NAD-GDH rather than NADP-GDH (14, 17) . A similar ordered mechanism was reported for NADP-GDH from Brevibacterium flavum (25) , whereas a typical sequential binding for NADPH-dependent reaction (7) was observed in NAD-GDH from Oomycetes (28) . It seems that more GDH enzymes from various microorganisms should be investigated for the order of substrate binding before the physiological or evolutionary implications of the above described difference can be evaluated.
Based on the observed results, the NADP-GDH from Geotrichum appears to function in a dual capacity as a biosynthetic and a biodegradable enzyme. The unidirectional activation and inhibition of the anabolic and catabolic reactions, respectively, is indicative of a biosynthetic function. This view is strengthened by the finding that the enzyme is not apparently subjected to catabolite repression which is a common characteristic of biodegradable enzymes (18) . The adaptation to a catabolic role is inferred from the repression exerted by ammonia (10) . It was also proposed that the substrate inhibition by a-ketoglutarate (Fig. 3) may simulate a catabolic regulative feature (18) . The low germination percentage observed when ammonia is provided as a sole nitrogen source (26) presumably results from an impairment in ammonia assimilation due to the repressive level of NADP-GDH which cannot satisfy the demand for organic nitrogen.
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